Abstract Skeletal muscle regeneration in pathology and following injury requires the coordinated actions of inflammatory cells and myogenic cells to remove damaged tissue and rebuild syncytial muscle cells, respectively. Following contusion injury to muscle, the cytokine leukemia inhibitor factor (LIF) is up-regulated and knockout of Lif negatively impacts on morphometric parameters of muscle regeneration. Although it was speculated that LIF regulates muscle regeneration through direct effects on myogenic cells, the inflammatory effects of LIF have not been examined in regenerating skeletal muscle. Therefore, the expression and function of LIF was examined using the antagonist MH35-BD during specific inflammatory and myogenic stages of notexin-induced muscle regeneration in mice. LIF protein and mRNA were up-regulated in two distinct phases following intramuscular injection of notexin into tibialis anterior muscles. The first phase of LIF up-regulation coincided with the increased expression of pro-inflammatory cytokines; the second phase coincided with myogenic differentiation and formation of new myotubes. Administration of the LIF receptor antagonist MH35-BD during the second phase of LIF up-regulation had no significant effects on transcript expression of genes required for myogenic differentiation or associated with inflammation; there were no significant differences in morphometric parameters of the regenerating muscle. Conversely, when MH35-BD was administered during the acute inflammatory phase, increased gene transcripts for the pro-inflammatory cytokines Tnf (Tumor necrosis factor), Il1b (Interleukin-1b) and Il6 (Interleukin-6) alongside an increase in the number of Ly6G positive neutrophils infiltrating the muscle were observed. This was followed by a reduction in Myog (Myogenin) mRNA, which is required for myogenic differentiation, and the subsequent number of myotubes formed was significantly decreased in MH35-BD-treated groups compared to sham. Thus, antagonism of the LIF receptor during the inflammatory phase of skeletal muscle regeneration appeared to induce an inflammatory response that inhibited subsequent myotube formation. We propose that the predominant role of LIF in skeletal muscle regeneration appears to be in regulating the inflammatory response rather than directly effecting myogenic cells.
Introduction
Leukemia inhibitory factor (LIF) was first named for its ability to inhibit proliferation of cultured myeloid leukemia cells (Gearing et al. 1987; Hilton et al. 1988; Metcalf et al. Electronic supplementary material The online version of this article (doi:10.1007/s00418-012-1018-0) contains supplementary material, which is available to authorized users. 1988). LIF is a cytokine that signals cellular effects by binding to a heterodimer of the gp130 and LIF receptor (LIFR or alternatively gp190) subunits (Gearing et al. 1992) . LIF is thus a member of the interleukin-6 (IL-6) group of cytokines that share the common receptor subunit gp130. Cultured myogenic cells are responsive to LIF and thus LIF became a protein of interest in skeletal muscle research.
When recombinant LIF was added to myoblast cultures, the number of cells increased more rapidly over time than compared to controls without LIF (Austin et al. 1992; Austin and Burgess 1991) . While some studies have attributed the increased myoblast cell number induced by LIF to an increased rate of mitosis (Bower et al. 1995; Srikuea et al. 2011; Wang et al. 2008) , others including us have reported that LIF does not increase the rate of myoblast mitosis under normal proliferative conditions (Alter et al. 2008; Hunt et al. 2010; White et al. 2001) . LIF is capable of promoting survival and inhibiting caspasedependent apoptosis of myoblasts, which could also be responsible for LIF-induced increases in myoblasts cell number (Hunt et al. 2010; White et al. 2001) .
In skeletal muscle tissue, Lif mRNA is up-regulated in response to physical trauma (Barnard et al. 1994; Kurek et al. 1996; Srikuea et al. 2011) . LIF knockout mice displayed a decrease in the size of regenerated myofibers following crush injury compared to wild-type; while administration of recombinant LIF to the regenerating muscle increased the size of regenerated myofibers in both wild-type and knockout compared to controls without LIF administration (Kurek et al. 1997) . Systemic administration of LIF in conjunction with muscle injury however did not improve the functional regeneration of muscle . Admittedly this study may have been limited by the systemic delivery of LIF, due the very short half-life of LIF of only 6-8 min in circulation (Hilton et al. 1991) .
Reports on the effect of LIF administration directly to the diaphragm muscles of mdx mice have been mixed. One study observed an overall decrease in the severity of pathology including an increase in the number of normal fibers, increased size of regenerated fibers, increased functional capacity and decreased fibrotic connective tissue with the LIF-treated muscles (Austin et al. 2000) . Another found that LIF-treated mdx diaphragms showed increased proliferation of myogenic cells but no histological improvement or reduction in myofibre damage (White et al. 2002) .
LIF increased myoblast cell number in vitro and this was suggested as the mechanism by which LIF improved measures of muscle regeneration following contusion injury or decreased measures of dystrophic pathology including increases in the size of regenerated myofibers. Subsequently, it has been reported that LIF inhibits differentiation of myoblasts and subsequent fusion to form myotubes in culture (Alter et al. 2008; Hunt et al. 2011; Jo et al. 2005; Wang et al. 2008) . When considering that regenerated myofibers are formed by the differentiation and fusion of myoblasts, the idea that LIF could inhibit differentiation yet promote increases in myofibre size appears somewhat contradictory.
Because LIF is well known as a pleiotropic cytokine, meaning it has different effects on different cell types, it is quite likely that the numerous cell types, other than myoblasts, present in regenerating muscle could be affected by LIF. For example, LIF is shown to promote the maintenance of innervation at neuromuscular junctions in neonatal mice (Kwon et al. 1995) and minimise muscle atrophy and promote re-innervation of rat muscle following transection of peripheral nerves (Tham et al. 1997) . LIF is also shown to exert either pro-or anti-inflammatory actions depending on the context. An anti-inflammatory role for LIF has been described wherein knockout of LIF increased the accumulation of neutrophils in inflamed dermis (Banner et al. 1998 ). Pro-inflammatory roles for LIF have also been reported; inhibition of LIF by antibodies attenuated systemic inflammation induced by endotoxin and LIF may promote inflammation in association with rheumatoid arthritis (Gadient and Patterson 1999; Jazayeri et al. 2007 ; Upadhyay et al. 2009 ).
The inflammation associated with muscle injury is necessary for the removal of damaged tissue and can also promote regeneration by interactions with myoblasts that promote myogenic differentiation (Tidball and Villalta 2010) . Acute muscle injury induced by stimuli such as myotoxic compounds and contusion is typically associated with a rapid influx of neutrophils into the damaged muscle. Macrophages also respond to the injury and together with neutrophils can promote the lysis and phagocytosis of necrotic muscle cells. While some subsets of macrophages often categorised as M1 macrophages may promote phagocytosis, others categorised as M2 macrophages are important for promoting myogenic differentiation and formation of newly regenerated myofibers.
Inflammatory cells are required for unimpaired regeneration of skeletal muscle. For example knockout of the gene Ccl2, which encodes monocyte chemoattractant protein-1 (MCP-1), reduced the number of macrophages in damaged muscle and impaired formation of new syncytial muscle cells following myotoxic injury Ochoa et al. 2007; Shireman et al. 2007 ). However, reduction in the number of macrophages, neutrophils and other leukocytes as well as inhibition of inflammatory cytokines in mdx mice can improve the pathology and reduce necrosis of myofibers (Hodgetts et al. 2006; Radley and Grounds 2006; Spencer et al. 2001; Wehling et al. 2001) . Thus while inflammation may be required for regeneration in an acute time frame, the chronic and persistent nature of inflammation in dystrophic muscle can become detrimental.
Although LIF is known to regulate inflammation in numerous contexts, an inflammatory role for LIF in regenerating skeletal muscle has not yet been examined. Therefore, this study examined the expression of LIF in conjunction with inflammatory and myogenic markers in regenerating mouse tibialis anterior muscles following injection of the myotoxic compound notexin. Loss of LIF function was examined by the use of synthetic LIF-like protein MH35-BD, which antagonises LIFR binding.
MH35 was originally generated in a group of mouse/ human LIF chimaeras intended to study the binding of both LIF and LIFR of human and mouse origin (Layton et al. 1994) . Although MH35 displayed a lower affinity for the human LIFR than human LIF, this feature was utilised to easily identify potential increases in affinity that could be achieved through mutations in specific regions, two of which were termed B and D corresponding to residues 53-58 and 150-155, and hence was named MH35-BD (Fairlie et al. 2004 ). These mutations conveyed a higher degree of affinity for the LIFR than wildtype LIF and two further point mutations at Q29A and G124R not only prevented MH35-BD from inducing proliferation in Ba/F3-LIFR/gp130 cell line, but could competitively inhibit wild-type LIF from inducing proliferation. The term MH35-BD is used to describe this high affinity antagonist that was generated and this protein has been subsequently used to successfully inhibit LIF in vitro in several cell types including inhibiting LIFinduced expression of matrix proteases in articular chondrocytes (Jazayeri et al. 2007; Upadhyay et al. 2009 ). MH35-BD administration was targeted to the specific inflammatory and myogenic stages of muscle regeneration; in this way, the role of LIF in inflammation and myogenic differentiation during skeletal muscle regeneration was explored.
Methods

Notexin injury
All animal procedures were carried out in accordance with the guidelines of the National Health and Medical Research Council of Australia and with the approval of the University of Melbourne Animal Ethics Committee (AEC). Approval was granted by the AEC under the animal ethics ID 0810901 and all procedures conducted as described within the approved ethics submission. C57BL/6 mice were housed with 12 h light/dark cycles and given access to food and water ad libitum.
Five male 10-week-old C57BL/6 mice per time point were anaesthetised with 2 mg/mL xylazine and 10 mg/mL ketamine at a volume of 10 lL per gram of mouse mass. Once the mice were anaesthetised they received a single injection of 50 lL of 10 lg/mL notexin (Latoxan, Valence, France), made up in saline, longitudinally into tibialis anterior muscles with a 29G 1 mL BD SafetyGlide syringe (BD, Franklin Lakes, USA). The mice were allowed to recover and at 1, 3, 5, 7, 10 and 14 days after notexin injection were asphyxiated by carbon dioxide and the tibialis anterior muscles dissected. Five mice were also sampled without notexin injection to compare with normal uninjured muscle. One tibialis anterior muscle was snap frozen in liquid nitrogen, in order to perform RNA extraction for subsequent qPCR studies, and the contralateral muscle was frozen in liquid nitrogen cooled isopentane for histology.
Real-time quantitative PCR
RNA was extracted from muscle tissue by homogenising the tissue in 1 mL of Tri-reagent (Molecular Research Centre, Cincinatti, USA), following the standard protocol to retrieve the RNA containing aqueous layer. The aqueous layer was added in equal volume to a solution comprising one part 90 % ethanol and one part SV lysis solution from SV Total RNA Isolation System (Promega, Madison, USA). The resulting solution was then passed through the SV columns and the columns washed with SV wash solution along with the provided DNAse treatment. The RNA was eluted from the columns and 1 lg of RNA per sample was reverse transcribed with MML-V Reverse Transcriptase (Promega, Madison, USA) to produce cDNA for realtime quantitative PCR (qPCR).
Real-time qPCR reactions were performed in a reaction containing 0.5 lL cDNA, 5 lL 'GoTaq qPCR master mix' (Promega, Madison, USA), 4 lL nuclease free water and 0.25 lL of both forward and reverse oligonucleotide primers at 20 lM. qPCR was performed on a LightCycler 480 (Roche Applied Science, Basel, Switzerland) and thermally regulated with the following parameters: pre-incubation at 50°C for 5 min followed by 95°C for 5 min and then 40 cycles of 95°C for 20 s for denaturing, 60°C for 30 s of annealing and 72°C for 30 s of amplicon extension. Oligonucleotide primers sequences are presented in Table 1 along with the PubMed Gene ID number for identification.
Expression data were derived from the cycle threshold (Ct) and normalised to the housekeeper hypoxanthineguanine phosphoribosyltransferase (Hprt), which was the most adequate housekeeper as it possessed the least variability across all samples compared to other housekeepers tested including peptidylprolyl isomerase A (Ppia), glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and b-actin (Actb) using the ''Bestkeeper'' excel-based tool (Pfaffl et al. 2004 ). For determining the relative mRNA level by normalised expression, the following formula was used:
Where A is the efficiency of amplification of the housekeeper, B is the efficiency of the gene of interest, x is the housekeeper Ct and y is the gene of interest Ct. Thus all relative mRNA levels presented in histograms are the normalised expression of the gene of interest relative to the housekeeper.
Antibodies
The following primary antibodies were used for immunohistochemical detection: goat anti-LIF clone N-18 polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, USA), mouse monoclonal anti-desmin antibody clone DE-U-10 (Sigma-Aldrich, Castle Hill, Australia), rat monoclonal anti-F4/80 antibody clone BM8 (Abcam, Cambridge, USA) and purified rat anti-mouse Ly6G antibody clone 1A8 (BD Pharmingen, Franklin Lakes, USA), mouse antiembryonic heavy chain Myosin antibody (RNMy2/9D2) from Abcam, rat anti-CD206 antibody (MR5D3) and rabbit anti-CD163 (M-96) from Santa Cruz Biotechnology. The secondary antibodies used for immunohistochemical detection were fluorescent AlexaFluor conjugated antibodies (Invitrogen, Carlsbad, USA) targeting the species in which the primary antibody was produced, except for the desmin antibody, where a mouse on mouse fluorescein kit protocol was followed (Vector Laboratories, Burlingame, USA). For dual immunofluorescence if both primary antibodies were raised in the same species, for example with F4/80 and CD206 immunofluorescence, a sequential protocol was followed and the first primary antibody incubated was blocked with biotinylated anti-rat IgG. These sequential immunofluorescent protocols demonstrated no non-specific immunoreactivity when the second primary antibody was omitted; suggesting that blocking with biotinylated anti-rat IgG completely prevents unintended cross reactivity with fluorescent anti-rat secondary antibodies.
Immunohistochemistry
Frozen sections were cut transversely from the midbelly of the tibialis anterior at a thickness of 10 lm and mounted on slides, which were then blocked with 5 % normal serum (from the species in which the secondary antibodies were raised) and 2 % bovine serum albumin in PBS for 1 h at room temperature. Sections were then incubated with a 1:200 dilution of the primary antibodies in PBS overnight at 4°C. The sections were then incubated with 1:250 dilutions of the secondary antibodies in the dark for 45 min at room temperature. The sections were counterstained with 10 lg/mL 4 0 ,6-diamidino-2-phenylindole (DAPI) in PBS for 1 min. Sections were finally mounted with glass coverslips and visualised by fluorescence microscopy.
A negative control for LIF immunostaining was performed to demonstrate the specificity of the antibody by incubating the goat anti-LIF clone N-18 with a fivefold molar excess of blocking peptide (LIF N-18 P, Santa Cruz Biotechnology, Santa Cruz, USA) prior to the primary antibody incubation step (see Supplemental Figure S4 ).
Production of recombinant MH35-BD
The gene encoding the LIF mutant MH35-BD was subcloned and expressed as a glutathione-S-transferase (GST) fusion protein in Escherichia coli, strain BL21 using the Overnight Express Autoinduction System (Novagen) and purified as described previously (Hunt et al. 2011; Upadhyay et al. 2009 ).
In vitro testing of MH35-BD LIF antagonist activity C2C12 cultures were grown in 12-well plates and incubated with either LIF and/or MH35-BD at different concentrations in growth media (10 % fetal bovine serum in DMEM) for 24 h at which point cultures were washed with PBS and incubated with differentiation media (2 % horse serum in DMEM) without the exogenous recombinant proteins for 24 h. Cultures were then lysed in order to measure creatine kinase activity in the differentiated cultures by washing with PBS and lysing with 150 lL lysis buffer containing 40 mM MES buffer [2-(N-morpholino)ethanesulfonic acid], 50 mM Trizma base, 1 % (v/v) Triton X-100 and 1 tablet of complete protease inhibitor cocktail per 50 mL lysis buffer (Roche Applied Science, Castle Hill, Australia). Insoluble material in the cellular lysate was pelleted by centrifugation at 10,000g for 5 min and the resulting supernatant was used for analysis of creatine kinase enzymatic activity. Three technical replicates for each sample were performed by pipetting 10 lL of each sample into a 96-well plate followed by 200 lL of CK-NAC (Thermo Scientific, Scoresby, Australia). Creatine kinase activity was measured by the change in absorbance at 340 nm over 3 min (20 s intervals) at 37°C. The change in absorbance was converted to activity in units per litre (U/L) by multiplication with the following factor k. k = (TV 9 1000)/(A 9 SV 9 P), where TV is the total reaction volume (0.210 mL), A is the millimolar absorption coefficient of NADH at 340nM (6.3), SV is the sample volume (0.010 mL) and P is the unique path length of light in the 96-well plate (determined to be 0.533 cm by spectrophotometric comparison of absorbances with known path lengths).
Administration of MH35-BD MH35-BD was administered by intraperitoneal injection with 1 mg/kg of mouse mass of the purified MH35-BD diluted in PBS to a concentration of 12.5 lg/lL, so an average 25 g mouse received 50 lL of intraperitoneal MH35-BD. MH35-BD was administered immediately before notexin injection (day 0) or 3 days after notexin injection for studying the inhibition of LIF on inflammation and myogenesis, respectively. As controls, sham treatment was performed with intraperitoneal injection of the MH35-BD vehicle. Mice were sampled at time points following notexin injection that differed based on the experiment. For the inflammation study where MH35-BD was administered at day 0, mice were sampled at 1, 3, 7 and 14 days relative to notexin injection. For the myogenesis study where MH35-BD was administered at day 3, mice were sampled at 4, 7 and 14 days relative to notexin injection. Tibialis anterior muscles were removed for both RNA extraction and histology. Blood was also sampled by cardiac puncture and the blood was centrifuged at 8,000g for 5 min at 4°C and the serum supernatant removed in order to measure MH35-BD levels in serum following administration.
Quantitation of MH35-BD from serum MH35-BD in serum was quantitated by enzyme linked immunosorbent assay (ELISA) using a mouse LIF imunnoassay kit (R&D Systems, Minneapolis, USA). Serum samples were pre-treated to maximize recovery by addition of 50 lL 2.5 N acetic acid to 50 lL of the serum sample and incubated for 10 min at room temperature. Samples were then neutralised by adding 30 lL of 2.7 N sodium hydroxide, 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). The recommended protocol for LIF immunoassay was then followed for all samples and LIF standards. After color generation was complete LIF/MH35-BD in the sample was quantitated from the absorbance at 450 nm by interpolation of unknown samples into the LIF standard curve.
Histochemical staining and morphometric analysis
Haemotoxylin and eosin staining was performed on the frozen sections with Harris haemotoxylin single strength (ProSciTech, Kirwan, Australia) and 1 % (w/v) Eosin-Y (ProSciTech, Kirwan, Australia). Sections were dehydrated, cleared in xylene and mounted with Entellan (ProSciTech, Kirwan, Australia) to coverslips. Toluidine blue staining of mast cell granules was performed by immersing sections in a solution containing 1 % (w/v) toluidine blue in 50 % (v/v) methanol for 20 s. The sections were then dehydrated, cleared in xylene and mounted.
Morphometric assessment of regenerating muscle tissue was performed from haemotoxylin and eosin stained sections. Measurements of muscle cell morphology were carried out using ImageJ analysis software (http://rsb. info.nih.gov/ij/). The cross-sectional surface area and Feret's minimum diameter (Briguet et al. 2004 ) of newly regenerated myotubes were calculated from the perimeter of myotubes. The percentage of cross-sectional muscle area occupied by myotubes was measured by summation of all the cross-sectional myotube areas within a field of view and expressing this as a percentage of the field of view total area. The number of myotubes per unit cross-sectional area of muscle tissue was also counted. Treatment groups for morphometric assessment were blinded so as not to bias the outcome.
Quantitation of the number of cells positive for Ly6G immunofluorescence was determined by counting the number of DAPI-stained nuclei with positive staining for Ly6G total number of nuclei within several fields of view per biological replicate. The number of total, Ly6G negative and positive nuclei per unit cross-sectional area was determined from the area of each field of view and the number of nuclei that was positive for Ly6G expressed as a percentage of total.
Western immunoblotting for mast cell tryptase Protein lysates from muscle were obtained by disaggregation of muscle tissue into an SDS solution containing 100 mM Tris pH 6.8, 2 % (w/v) SDS, 5 % (v/v) b-mercaptoethanol, 15 % (v/v) glycerol and 0.1 % (w/v) bromophenol blue. The samples were reduced by incubation at 95°C for 5 min and insoluble material pelleted. 20 lL of protein lysate supernatant was loaded into precast NuPage Novex 4-12 % Bis-Tris gels (Invitrogen, Carlsbad, USA) along with the molecular marker SeeBlue Plus2 Pre-stained Standard (Invitrogen, Carslbad, USA). The proteins were resolved and transferred onto Amersham PVDF-LFP transfer membrane (GE Healthcare Life Science, Rydalmere, Australia) and then blocked with 5 % (w/v) BSA in PBS with 0.1 % Tween-20 overnight at 4°C. They were then incubated with primary antibodies, rabbit anti-mast cell tryptase antibody (FL-275) sc-32889 (Santa Cruz Biotechnology, Santa Cruz, USA) and monoclonal anti-b-actin antibody produced in mouse (Sigma-Aldrich, Castle Hill, Australia), as a loading control, overnight at 4°C. AlexaFluor-594 goat anti-rabbit IgG and AlexaFluor-488 goat anti-mouse IgG were used to detect the primary antibodies by incubation for 1 h at room temperature. Membranes were then washed several times, dried and then imaged with a Typhoon 9400 (GE Healthcare) to detect AlexaFluor-488 (b-actin) and -594 fluorescence (mast cell tryptase).
Statistical analysis
Where data showed normal distribution, Graphpad Prism (Graphpad Software Inc., La Jolla, USA) was used to perform statistical tests of significance. Student's t test was used to compare the mean and error of data where only two groups were analysed. For analysis of Ct values obtained from qPCR the pair-wise fixed reallocation randomisation test relative expression software tool (REST) was used to determine significance (Pfaffl 2001) . A 95 % confidence interval was accepted where P B 0.05 was deemed significant and is denoted on histograms with an asterisk (*). All data are graphically represented as the mean ± the standard error of the mean (SEM) and sample size (n) is reported for all experiments.
Results
LIF expression following notexin injury coincides with inflammation and myogenesis
The expression of Lif mRNA was examined by qPCR following notexin injury and compared to expression of genes associated with proliferation, inflammation and myogenesis (Fig. 1a) . Lif mRNA was significantly increased in tibialis anterior muscles 1 day after notexin injection compared to uninjured tibialis anterior muscles (Fig. 1b) . Following this, transcripts for Lif decreased to uninjured levels by day 3, and then began to increase again starting at day 5 and continued to increase up to the final time point of 14 days. The first up-regulation of Lif mRNA at day 1 coincided with a sharp increase in the expression of transcripts for tumor necrosis factor-a (Tnf) and proliferating cell nuclear antigen (Pcna). The second up-regulation of Lif mRNA coincided with a peak of myogenin (Myog) expression at day 5 and followed a similar trend to myosin heavy chain expression (Myh1), which also progressively increased beginning at day 5 up to the final time point of 14 days.
Immunohistochemical detection of LIF protein indicated that while LIF immunoreactivity could not be detected in uninjured muscle, mononuclear cells at day 1 after notexin injection displayed LIF immunoreactivity, and at day 7 mononuclear cells as well as newly formed myotubes displayed LIF immunoreactivity (Fig. 1c) . Pre-incubation of the LIF antibody with the blocking peptide antigen demonstrated that the cellular LIF immunoreactivity was not due to non-specific reactivity of primary or secondary antibodies used (Supplemental Figure S4) . The similar relative mRNA expression of LIF (expressed as a ratio of the housekeeper Hprt) at day 1 and day 7 corresponded to 15 and 18 % of cells (including myotubes) positive for LIF immunoreactivity, respectively, suggesting that on a per cell basis LIF expression is maintained at a similar level during these expression peaks but there are clearly more cells overall in the day 7 samples. This agreed with previous reports that LIF is up-regulated following muscle injury and suggested that increased LIF expression occurred in two phases. The first coincided with pro-inflammatory cytokine expression and proliferative markers. The second coincided with myogenic differentiation and the formation of myotubes.
MH35-BD prevents LIF-induced inhibition of myogenic differentiation in vitro
Following observations of increased LIF expression in regenerating muscle, the efficacy of the LIF antagonist Fig. 1 a Relative mRNA levels of various myogenic and inflammatory markers throughout the notexin-induced regeneration time course (n = 5). Relative levels were normalised to a maximum value of 1.0 for each gene in order to present expression trends simultaneously. b Relative mRNA levels of LIF following notexin injection. Data were analysed by REST comparing individual time points to uninjured (day 0), * represents P \ 0.05, n = 5. c Immunohistochemical detection of LIF (red) and nuclei counterstained with DAPI (blue) in the uninjured tibialis anterior and days 1 and 7 after notexin injection MH35-BD was tested in vitro in order to pursue functional inhibition of LIF during muscle regeneration. Myogenic differentiation of cultured C2C12 myoblasts was inhibited by 24 h pre-treatment with 10 ng/mL LIF prior to induction of differentiation as measured by creatine kinase activity (Fig. 2a) . When added in conjunction with 10 ng/ mL LIF, increasing concentrations of MH35-BD progressively increased creatine kinase activity and at a concentration of 10 ng/mL of MH35-BD the effect of LIF decreasing creatine kinase activity was abolished. Conversely, when MH35-BD was added at a static concentration of 30 ng/mL increasingly higher concentrations of LIF were required to decrease creatine kinase activity (Fig. 2b) . In the absence of additional exogenous LIF, increasing concentrations of MH35-BD also increased creatine kinase activity above baseline levels, suggesting that there was LIF-like activity naturally in the culture media, which agrees with our previous reports that bovine LIF may be present in the fetal bovine serum containing media (Hunt et al. 2011) . The reduction in creatine kinase activity caused by LIF and restoration with the antagonist MH35-BD were paralleled with a visible reduction in the formation of myotubes with LIF and restoration to normal with MH35-BD when viewed by phase contrast microscopy ( Fig. 2c) . Altogether this indicated that MH35-BD was acting as a competitive antagonist of LIF and could minimise LIF inhibiting myogenic differentiation at concentrations as low as one tenth that of LIF and completely abolish the effect of LIF at equal concentrations.
Administration of MH35-BD during different stages of notexin-induced regeneration MH35-BD was administered to block LIF activity during the myogenic and inflammatory phases of regeneration. We hypothesised that because MH35-BD promoted myogenic differentiation in vitro by antagonising LIF, that MH35-BD would promote myogenic differentiation if administered when myogenic differentiation was occurring. Myod1 and Myog expression peaked following notexin injury at days 3 and 5, respectively, suggesting that the peak of myogenic differentiation occurs around this time. Therefore, MH35-BD was administered 3 days after intramuscular notexin injection by intraperitoneal injection of 1 mg MH35-BD per kilogram of mouse mass and sham intraperitoneal injections as controls. A schematic representation of the administration and sampling protocol is presented in Fig. 3a . After MH35-BD administration, high levels of MH35-BD could be detected in serum by LIF ELISA, which was greatly elevated above endogenous LIF levels in sham controls until at least day 7 (4 days after administration; Fig. 3b ).
MH35-BD was also administered prior to notexin injection, so that high levels of MH35-BD could be achieved during the early inflammatory response. In this study MH35-BD was administered in the same fashion (1 mg/kg intraperitoneal) except immediately prior to intramuscular notexin injection (day 0; Fig. 3c ). High levels of MH35-BD were present in serum following this administration until at least day 3 (Fig. 3d) . The effects of the different MH35-BD administrations on transcripts relating to myogenesis and inflammation were examined by qPCR. Administration of MH35-BD at day 3 did not significantly alter gene transcripts for any genes that were examined associated with myogenic differentiation or genes for inflammatory cytokines compared to sham (Fig. 4a) . In contrast, administration of MH35-BD at day 0 significantly reduced mRNA for Myog at day 3 and increased transcripts for the cytokines Tnf, Il1b and Il6 compared to sham at day 1 (Fig. 4b) . Although Myod1 transcripts appeared somewhat decreased at day 3 with MH35-BD compared to control, which followed a similar pattern to Myog, this was not significantly different (0.05 \ P \ 0.10). Altogether this suggested that while administration of MH35-BD at day 3 appeared to have no significant effect on inflammation and myogenesis, administration of MH35-BD at day 0 may have induced an increased acute inflammatory response and subsequently inhibited myogenic differentiation.
Effects of MH35-BD administration on morphometric parameters of regenerating muscles
The effects of the different MH35-BD administrations on the histology of the regenerating muscle were examined. Representative images of haemotoxylin and eosin stained muscle sections from mice with sham and MH35-BD administration at day 3 and day 0 are presented in Fig. 5a and b, respectively. Qualitative differences between MH35-BD treatments and shams appeared minimal; though the frequency of small centrally nucleated myotubes present at day 7 following notexin injections appeared decreased with administration of MH35-BD at day 0 compared to sham.
The quantity, diameter and surface area of centrally nucleated myotubes present in regenerating muscles at day 7 were measured to determine if these administrations had any effect on myogenesis or myotube formation. Following the observation of no changes in cytokine and myogenic gene expression with administration of MH35-BD at day 3, there were also no differences between MH35-BD and sham for all morphological parameters measured (Fig. 5c ). This further suggested that the administration of MH35-BD at day 3 did not affect myogenic differentiation and myotube formation.
Administration of MH35-BD at day 0 decreased the percentage of muscle cross-sectional area that was occupied by myotubes compared to sham (Fig. 5d) . This suggested that myogenic differentiation and fusion was inhibited such that a reduction in the size or number of regenerating myotubes was caused by MH35-BD treatment. The size of regenerating myotubes was not altered with MH35-BD treatment; mean myotube cross-sectional areas and mean diameters of myotubes were not significantly different compared to sham. However, there was a reduction in the number of myotubes per unit area of the whole muscle with this MH35-BD treatment.
In order to confirm changes in myotube appearance with this treatment, desmin and embryonic myosin heavy chain (eMHC) immunoreactivity was used. Both desmin and eMHC immunoreactivity are present in newly regenerated myotubes and can detect myogenic cells that appear differentiated yet mononucleated as well as very small myotubes that may not be detected by haemotoxylin and eosin histochemistry (Fig. 6a) . Neither desmin nor eMHC immunoreactivity was present in the timepoints collected prior to day 7; therefore desmin immunoreactivity was used to compare differences in smaller myotubes than possible with haemotoxylin and eosin at day 7. A reduction in the percentage of the regenerating muscles at day 7 occupied by newly regenerated myotubes with MH35-BD administration at day 0 was observed by quantitating desmin immunofluorescence. The mean percentage of whole tibialis anterior cross sections that were positive for desmin immunoreactivity and thus occupied by regenerated myotubes was significantly reduced with MH35-BD treatment compared to sham (Fig. 6b) . The percentage of whole muscle occupied by desmin was concordant with the percentage of muscle occupied by myotubes with haemotoxylin and eosin validating both measures indicative of reduced myogenic fusion. Although the distribution of cross-sectional areas of myotubes determined by haemotoxylin and eosin appeared shifted slightly toward the left, suggesting increased number of smaller myotubes with MH35-BD, the smaller myogenic cells that could be detected by desmin showed no difference in distribution (Fig. 6c, d ). Together this confirmed at least a reduction in the quantity of myotubes formed and a possible reduction in the size of myotubes formed in the MH35-BD-treated group suggesting that myoblast fusion was impaired. Representative images of haemotoxylin and eosin stained tibialis anterior sections with a MH35-BD administration at day 3 and b MH35-BD administration at day 0. Scale bar represents 100 um. The mean myotube cross-sectional area, mean of the Feret's minimum diameter of myotubes, number of myotubes per unit area and percentage of cross-sectional muscle area occupied by myotubes measured from haemotoxylin and eosin stained histology sections at day 7 with either c MH35-BD administration at day 3 or d MH35-BD administration at day 0. Data were analysed by Student's t test comparing MH35-BD treated to sham, * represents P \ 0.05, n = 5
Effect of MH35-BD administration on macrophage markers
Specific macrophage markers were analysed to determine if the inflammatory changes induced by administration of MH35-BD at day 0 were associated with changes in the number of macrophages present in the regenerating muscle. The mean percentage of whole tibialis anterior cross sections that were positive for the macrophage marker F4/80 were not significantly different between MH35-BD and sham groups at both days 3 and 7 (Fig. 7a, b) , suggesting that macrophages may not have been affected by this MH35-BD administration.
The effect of this MH35-BD administration at day 0 was examined further by qPCR for transcripts relating to macrophages and the different macrophage phenotypes (Fig. 8) . Transcripts for Emr1 and Ccl2, which encode F4/ 80 and the monocyte chemoattractant protein-1 (MCP-1), respectively, were not significantly different between MH35-BD and sham groups; agreeing with earlier results suggesting there were no changes in overall macrophage numbers. Cd86 and Cd163 transcripts, which are antigens present on classically activated M1 and alternatively activated M2 phenotype macrophages respectively, were also not significantly altered by MH35-BD administration.
Transforming growth factor-b (TGF-b) and interleukin-10 (IL-10) are factors that have been associated with M2 phenotype of macrophages and also associated with myogenic differentiation. TGF-b can be produced by macrophages and can prevent mitogen-induced inhibition myogenic differentiation (Lefaucheur and Sebille 1995; Zentella and Massague 1992) . Gene transcripts for Tgfb1 were not significantly different with MH35-BD treatment compared to sham, suggesting this was not associated with inhibition of myogenic differentiation caused by MH35-BD. IL-10 is known to cause deactivation of classically activated macrophages (polarisation toward M2 phenotype) by reducing cytolytic activities and inflammatory cytokine c Relative mRNA levels for macrophage associated markers through the notexin-induced regeneration time course following administration of MH35-BD at day 0. Data were analysed by REST comparing MH35-BD to sham, * represents P \ 0.05, n = 5 production (Gordon 2003) . Coincident with the increased expression of inflammatory cytokines Tnf, Il1b and 1l6, there was also a significant increase in gene transcripts for the anti-inflammatory cytokine Il10 at day 1 with MH35-BD treatment compared to sham. This altered cytokine expression profile caused by MH35-BD might be expected to alter polarisation of macrophages toward the specific macrophage phenotypes.
Coincident with no changes in transcriptional markers specific to the macrophage phenotypes there was also no alteration in either the absolute number of macrophages per cross-sectional area or the proportional number of macrophages positive for phenotype-specific antigens. Dual immunofluorescence for F4/80 and CD206; F4/80 and CD163; and CD206 and CD163 was performed. While F4/ 80 is present on all monocytes/macrophages, CD206 and CD163 are unique to M2 macrophages and CD163 in some instances is only found on the IL-10 polarised M2c macrophages (Villalta et al. 2011 (Fig. 8a ) or day 7 (Fig. 8b) after notexin injection. Thus, there appeared to be no difference in macrophage numbers in general or the number of macrophages with polarisationspecific phenotypic markers following this MH35-BD administration.
Effect of MH35-BD administration on mast cell markers
Mast cells are also associated with pro-inflammatory cytokine production and skeletal muscle regeneration (Helliwell et al. 1990 ). CD117 or the stem cell factor receptor is a marker commonly used for detection of mast cells. Gene transcripts for Kit, which encode CD117, were significantly increased at day 1 with MH35-BD administration at day 0, suggesting a possible increase in the number of mast cells (Fig. 9a) . Histochemical toluidine blue staining to detect metachromatically purple stained mast cell granules indicated that a small number of mast cells with cytoplasmic granules were present in the perimysium in uninjured muscle (Fig. 9b) . However at 1 and 3 days following notexin injection, no metachromatic c Western immunoblotting for detection of mast cell tryptase (MCT) and p-actin as a loading control from protein lysates from uninjured muscles and muscles 1 and 3 days after notexin injection with MH35-BD administration at day 0 purple staining could be observed, suggesting a loss of cytoplasmic mast cell granules, possibly via degranulation. Thus, toluidine blue staining could not be used to assess any differences between MH35-BD and sham treatment groups with notexin injury. Mast cell tryptase (MCT) is a protease produced and secreted by mast cells (Kovanen et al. 1995) and was examined by western immunoblotting of protein lysates from uninjured and MH35-BD and shamtreated mouse muscles. MCT expression increased at days 1 and 3 following notexin injection compared to uninjured, suggesting that mast cell numbers may have increased in response to injury, but there was no difference in MCT expression between MH35-BD and sham treatments (Fig. 9c) . This suggested that changes in Kit expression may not have been particularly indicative of mast cell numbers and that mast cell numbers were not likely altered with MH35-BD administration.
Effect of MH35-BD administration on neutrophil markers
The effect of MH35-BD administration at day 0 on neutrophils was examined by qPCR for neutrophil associated genes and Ly6G immunofluorescence. The gene Ly6g encodes the Ly6G antigen, which is present on predominantly neutrophils and granulocytes. Transcripts for Ly6g were significantly increased 1 and 3 days after notexin injection with MH35-BD treatment compared to sham. In addition Cxcl2 transcripts, which encode macrophage inflammatory protein-2 (MIP-2) a protein produced by macrophages and a chemoattractant for neutrophils, were significantly increased with MH35-BD treatment (Fig. 10a) . Together this suggested that neutrophil numbers may be increased with MH35-BD administration through increased production of neutrophil chemoattractants.
Immunofluorescent staining of neutrophils in the MH35-BD and sham regenerating muscles with an Ly6G antibody revealed a clear qualitative increase in the number of neutrophils present at day 1 after notexin with MH35-BD compared to sham (Fig. 10b) . Quantitatively, there was a significant increase in the number of nuclei positive for Ly6G per unit area of the muscle with MH35-BD treatment (Fig. 10c) . This corresponded to an increase from 22 to 43 % of total nuclei within the muscle at day 1, which were Ly6G positive neutrophils, with MH35-BD treatment. However while there was an absolute increase in Ly6G positive nuclei per unit area in MH35-BD-treated muscles, the number of total nuclei per unit area of muscle did not increase. Associated with the increase in Ly6G positive nuclei there was a decrease in the number of nuclei per unit area that were Ly6G negative with MH35-BD treatment. Therefore, there may have been a decrease in the number of an unidentified cell type with MH35-BD treatment.
Although all mice received an equal dose of 1 mg/kg of MH35-BD, there were variations in serum MH35-BD concentrations at day 1 following administration at day 0, likely due to the pharmacokinetics for each individual mouse. This allowed for comparisons between the MH35-BD present in serum and number of neutrophils present in the muscle at day 1. There was a significant positive linear correlation (r 2 = 0.89, P = 0.0168) between MH35-BD concentration in serum and the absolute number of neutrophils present per unit area in the muscle. This further suggested that MH35-BD was responsible for increased neutrophils in the muscle.
Discussion
Results obtained from these studies provide important insights into the expression and function of LIF during skeletal muscle regeneration. Studies into Lif mRNA and protein expression following notexin-induced injury demonstrated that LIF was up-regulated in two distinct phases during the period of regeneration. The first up-regulation of LIF was at day 1 after notexin injection and coincided with an acute inflammatory response phase, during which increased pro-inflammatory cytokine expression was observed. The second up-regulation of LIF was from 5 to 14 days after notexin injection and coincided with the myogenic phase, during which increased Myog expression and formation of myotubes was observed.
Administration of a competitive antagonist of LIF, MH35-BD, to mice at day 3 achieved high levels of MH35-BD in circulation through days 4-7 after notexin injection. This administration had no major effect on transcriptional and histological measurements of inflammation or myogenesis. Administration of MH35-BD at day 0 achieved high levels of MH35-BD in circulation through days 1-3 after notexin injection. In contrast to the administration at day 3, administration of MH35-BD at day 0 did have a significant effect on measurements of inflammation and myogenesis.
Expression of LIF during notexin-induced regeneration is associated with inflammation
Previous studies in regenerating crush injured muscle found that Lif mRNA was up-regulated within as little as 3 h after injury and persisted for up to 4 days (Barnard et al. 1994; Kurek et al. 1996) . Similarly in a more recent study, Lif mRNA was shown to be up-regulated rapidly and transiently, from 3-to 12-h post-injury, in rat gastrocnemius muscles following contusion injury (Srikuea et al. 2011) . In the present study, Lif mRNA appeared to be upregulated in two separate phases following notexin injury. The first phase was closely associated with increased proinflammatory cytokine expression and the initial influx of inflammatory cells. The second appeared to coincide with myogenic differentiation (up-regulation of Myog) and the formation of myotubes and expression of Myh1. This was novel in that other studies examining Lif mRNA expression following muscle injury typically only observed an upregulation during the early stages of regeneration coinciding with inflammation. This expression profile was also observed when examining Lif mRNA expression from notexin injured muscle collected from the MH35-BD experiments (Supplemental Figure S5) . Whether or not the two phases of Lif mRNA up-regulation observed herein are unique to the notexin model of muscle injury utilised herein however is difficult to know. LIF protein immunoreactivity was detected within the mononucleated cells present during the inflammatory phase and also in mononucleated cells and myotubes present during the myogenic phase of regeneration, indicating the increased mRNA levels at these times compared to uninjured, coincided with a visible increase in protein immunoreactivity.
In both inhibitor studies, MH35-BD could be detected in serum greatly in excess of endogenous LIF with some serum concentrations as high as 2 ng/mL. However, endogenous LIF in serum did increase following notexin injury. While an average of 14 pg/mL could be detected in serum from uninjured mice, a significantly increased average of 40 pg/mL could be detected 1 day after notexin injections, which subsequently decreased to uninjured levels as the muscle regenerated (see Supplemental Figure  S1 ). This might suggest that LIF is produced systemically in response to muscle injury or that locally produced LIF in injured muscle may enter the circulation.
It is plausible that this systemic increase in LIF could play a role in the muscle inflammation following notexin injury. LIF is known to mediate proopiomelanocortin mRNA expression and adrenocorticotropic hormone (ACTH) secretion on the hypothalamic pituitary axis (Akita et al. 1996; Ray et al. 1996) . Through release of hormones such as ACTH, LIF could potentially increase systemic cortisol release (Bamberger et al. 2000; Woods et al. 2008) , which via glucocorticoid receptors could inhibit the inflammation locally within injured muscle. Thus, LIF could be acting systemically to regulate and minimise an inflammatory response to muscle injury.
Given that administration of the LIF antagonist MH35-BD during the first inflammatory phase of LIF up-regulation produced a pro-inflammatory effect, it would suggest that this up-regulation of LIF relates directly to an antiinflammatory role for LIF in this context. Administration of MH35-BD during the second or myogenic phase of LIF upregulation had no effect on inflammatory, myogenic or morphometric parameters measured, which suggests that the up-regulation of LIF at this time does not relate to inflammation or myogenesis.
Administration of MH35-BD during stages of myogenic differentiation did not affect muscle regeneration Administration of MH35-BD during the myogenic differentiation phase of regeneration did not promote myogenic differentiation as was hypothesised. Administration of MH35-BD at this time yielded approximately half the concentration of MH35-BD in serum compared to when administered at day 0, which was likely due to pharmacokinetic variations between individual mice limiting the distribution of MH35-BD. However, it is unlikely that this difference in serum MH35-BD accounts for a lack of effect for the following reasons. On average, the serum levels of MH35-BD with administration during the myogenic phase reached half that of administration during the inflammatory phase, which did cause an affect. When testing MH35-BD activity in vitro, the same concentration of MH35-BD as LIF (10 ng/mL of both) could completely block the effect of LIF, meaning doses of MH35-BD would not have to be particularly high in comparison to endogenous LIF in order to inhibit LIF. The levels of MH35-BD that were achieved in serum were on average 15-fold in excess of endogenous LIF. Assuming similar distribution of the proteins in the tibialis anterior muscle tissue, it seems highly likely that sufficient MH35-BD was present to inhibit LIF activity in the muscle, but that this simply had no effect on muscle regeneration.
Indeed this MH35-BD administration was capable of inducing an effect though not on muscle regeneration, suggesting that the administration was efficacious but simply did not alter muscle regeneration. Gene expression of lymphocyte markers was investigated to examine a potential role for lymphocytes in acute muscle injury, inflammation and regeneration and the effects of MH35-BD on lymphocyte markers. Transcript expression of the T cell markers Cd4 and Cd8a was particularly low in uninjured muscle and during early regeneration, but increased during the later stages or regeneration around 7-14 days after notexin injury (see Supplemental Figure S2 ). Similarly, increased expression of interferon-c, Ifng, and a B cell marker Cd19 occurred around this time. Thus, lymphocyte markers did not appear to correspond to an acute inflammatory response but rather to the later stages of regeneration. Administration of MH35-BD at day 0 had no significant effects on transcript expression of the lymphocyte markers, however administration of MH35-BD at day 3 did. Cd8a expression was significantly decreased with this MH35-BD treatment at days 4 and 7 after notexin injection, providing evidence that this administration of MH35-BD did allow distribution to the injured tibialis anterior muscle and was efficacious. It also suggested that the MH35-BD treatment may have modulated the number of CD8
? cytotoxic T cells in the regenerating muscle at this time. Thus the study of lymphocyte markers provided evidence that the MH35-BD administration at day 3, for which no other effects were observed, did affect the muscle but not in the ways hypothesised. It also suggests lymphocytes may be involved in later stages of skeletal muscle injury and regeneration and LIF may play a role modulating populations of cytotoxic T cells, however this does not appear to affect the formation and regeneration of syncytial muscle cells.
Administration of MH35-BD during inflammatory stages affected inflammation and subsequent muscle regeneration Administration of MH35-BD during the early inflammatory phase of regeneration had a multitude of effects that culminated in decreased myogenic differentiation and syncytial muscle cell formation. At the earliest stages 1 day after notexin injection, MH35-BD treatment increased expression of the pro-inflammatory cytokines Tnf, Il1b and Il6, which coincided with increased expression of markers for neutrophils and increased numbers of neutrophils. This was followed by decreased Myog expression 3 days after notexin injection and fewer syncytial muscle cells present 7 days after notexin injection.
This temporal order of events suggests that the primary effect of MH35-BD administration is disturbance of the inflammatory balance, which leads to a delay in myogenic differentiation. LIF has been shown to inhibit production of the pro-inflammatory cytokine TNF-a by isolated peritoneal macrophages in vitro (Hendriks et al. 2008) . Because antagonism of LIF with MH35-BD increased Tnf expression, this suggested that LIF may minimise TNF-a production by macrophages in regenerating muscle. It is also possible that increased expression of Tnf and the other proinflammatory cytokines may be associated with an increase in neutrophils present in the muscle at this same time.
Neutrophils present in muscle following damage are known sources of the pro-inflammatory cytokines, including IL-1b (Fielding et al. 1993) . The cause of increased neutrophils with MH35-BD treatment may be due to increased expression of Cxcl2, which encodes MIP-2 a protein produced by macrophages that is a chemoattractant for neutrophils (Iida and Grotendorst 1990; Pelus and Fukuda 2006; Wolpe et al. 1989) . Increased Tnf expression with MH35-BD treatment may also be responsible for increased neutrophil numbers, as direct administration of recombinant TNF-a into muscle can cause accumulation of neutrophils (Peterson et al. 2006) . A decrease in Pcna expression was also observed coinciding with increased neutrophil numbers at day 1, and might represent an overall increase in the proportion of non-proliferative cells, such as neutrophils, in the muscle (see Supplemental Figure S3 ). It has been reported that knock-out of the Lif gene leads to increased neutrophil numbers present in inflamed dermis (Banner et al. 1998) , supporting the possibility of LIF modulating neutrophil numbers. During early pregnancy in mice, loss of Lif is associated with an inhibition of Ly6G ? neutrophils decreasing over time, and it was suggested that this could be due to LIF promoting neutrophil apoptosis (Schofield and Kimber 2005) . Because of the pleiotropic nature of LIF, it can potentially display both anti-inflammatory and pro-inflammatory properties, depending on the context such as tissue or cell system being studied. Whether LIF affects skeletal muscle inflammation in any way has not been studied until now. These studies suggest that LIF may be crucial as a negative feedback mechanism preventing an overwhelming inflammatory response, which was produced here by inhibiting LIFR signaling with MH35-BD. Therefore, in this context LIF may be antiinflammatory.
Because there were changes with MH35-BD administration in expression of cytokines known to affect polarisation of macrophages and due to past reports that LIF itself can skew macrophages toward an M2-like phenotype (Duluc et al. 2007) , alterations in macrophage phenotypes were expected. However, no such changes could be detected as there was no significant change in the number of macrophages expressing markers of alternative activation. This suggests that although LIF may be able to alter the expression levels of cytokines potentially expressed by macrophages, the MH35-BD administration did not alter macrophage polarisation in this context. Mast cells present in inflamed muscle may also be a source of pro-inflammatory cytokines (Gorospe et al. 1994; Helliwell et al. 1990) . Although changes in Kit gene expression, which are associated with mast cell function (Galli et al. 1993; Moritz et al. 1998) , suggested possible changes in mast cell populations with MH35-BD treatment, deeper examination by detection of mast cell tryptase (MCT) suggested that mast cell populations were unaltered. Mast cells store the protease MCT in cytoplasmic granules and release this extracellularly upon stimulation via exocytotic degranulation. MCT expression was examined in the present study from whole muscle extracts and therefore could potentially correspond to MCT contained within mast cells and extracellularly and thus was not limited to detection of only mast cells that had not degranulated, as toluidine blue staining appeared to be. The expression of MCT in muscles increased following notexin injection, suggesting increased mast cell numbers present in the inflamed muscle. However, there was no significant difference in MCT expression with MH35-BD compared to sham-treated muscles, suggesting there was no change in mast cell populations with MH35-BD treatment. Therefore, changes in Kit gene expression were likely not representative of changes in mast cell populations. Altogether this suggests that altered cytokine expression in MH35-BDtreated muscle and subsequent reductions in myotube formation were not associated with a change in mast cell populations.
Altered cytokine expression is the most likely explanation for decreased myogenin expression and subsequent myotube formation. Tnf, Il1b and Il6 are all potentially mitogenic for myoblasts as well as inhibitors of myogenic differentiation (Alter et al. 2008; Alvarez et al. 2002; Broussard et al. 2004; Li 2003) . Addition of these recombinant cytokines can decrease expression of Myog/myogenin by myoblasts in culture and inhibit differentiation. Therefore, the inhibition of myogenic differentiation in regenerating muscle observed with MH35-BD treatment is unlikely to be caused through a direct effect of MH35-BD on myoblasts but rather may be caused indirectly by increased expression of Tnf, Il1b and Il6. A direct effect of MH35-BD on myoblasts leading to decreased differentiation was unlikely considering MH35-BD treatment promoted myogenic differentiation of myoblasts in culture conditions. Expression of Myog was significantly decreased at day 3 by MH35-BD treatment. While MH35-BD appeared to inhibit myotube formation at day 7, MH35-BD treatment had no effect on Myog expression at day 7, a time at which Myog levels were greatest. Because a direct effect of MH35-BD on myogenic differentiation is unlikely, the rapid and transient increase in expression of inflammatory cytokines with MH35-BD treatment during the early stages of regeneration most likely only affected Myog expression at day 3 but not day 7.
An indirect effect of MH35-BD on myoblasts differentiation, through increased cytokine expression, could lead to a decreased number of differentiated myoblasts in the muscle capable of fusing into myotubes and the decrease in myotube numbers that was observed in the muscle 7 days after notexin injection. This observation was consistent with previous reports suggesting that knock-out of Lif leads to decreased parameters of muscle regeneration (Kurek et al. 1997) . Evidence provided in the present study however clarify and further develop mechanisms for these findings by suggesting that the negative effects on muscle regeneration caused by loss of LIF function are due to an altered inflammatory response and not a direct effect on myogenic cells.
Because an increase in LIF was observed systemically following notexin injury and LIF could potentially influence glucocorticoid production through the hypothalamic pituitary axis, it remains possible that the effect of MH35-BD administration may not have been only inhibiting LIFR signaling locally within the injured muscle, but also systemically. Thus, we cannot exclude the possibility that the systemic administration of MH35-BD prevented a systemic anti-inflammatory response from LIF, thus producing a local pro-inflammatory response in the muscle compared to sham. Nevertheless, this still highlights an important role for LIF as an anti-inflammatory factor within muscle following injury.
It is important to note that although MH35-BD was used in this study as a LIF antagonist, MH35-BD may also block other cytokines known to bind the LIFR such as cardiotrophin-1 (CT-1), oncostatin-M (OSM) and ciliary neutrophic factor (CNTF). For example, OSM can potentially compete for LIFR binding and be blocked by MH35-BD (Upadhyay et al. 2009 ). CT-1 is suggested to be present during myotoxin-induced muscle regeneration (Nishikawa et al. 2005) and also inhibits myogenic differentiation in vitro through the same signaling mediators as LIF (Miyake et al. 2009 ). Cytokines signaling through the LIFR elicit similar effects due to use of the shared receptor and common signaling mediators. Lif knock-out however has been shown to have a greater effect on maintenance of axons and motor endplates than knock-out of the genes for CT-1 or CNTF and therefore could be the predominant ligand for the LIFR in certain tissues and contexts (Holtmann et al. 2005) . Despite the possibility of LIF being the predominant ligand for LIFR, the effects observed with MH35-BD treatment cannot be conclusively and exclusively linked to an effect of LIF alone. Therefore it would be of interest to know whether the observed effects of MH35-BD could be attributed to the combined inhibition of LIF and other LIFR utilising cytokines or inhibition of LIF by itself.
Conclusions
These studies provide compelling evidence for the role of LIFR signaling mediating the inflammatory response in regenerating muscle; in particular modulating the inflammatory balance of cytokine expression and neutrophil cell populations which leads to altered myogenic differentiation. These findings however do not support an important role for LIFR signaling directly affecting cellular responses of myoblasts that lead to changes in myogenic differentiation.
